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Abstract

:

Weeds represent a serious drawback affecting the productivity of field crops worldwide. While the most common approach to control weeds in no-till practices is the use of glyphosate-based herbicides (GBHs), reducing their use represents a major challenge. This two-year field study aims to evaluate whether the use of cover crops (CC) in transgenic soybean and corn productions can (1) help control weeds and (2) reduce the amount of GBH needed for managing weeds. Sampling was carried out in 32 experimental field plots (four crop managements with four replicates on both crops). Crop managements consisted of GBH applications at rates of 0.84, 1.67, and 3.3 L ha−1 in plots in direct seeding with CC (DSCC) and at rates of 3.3 L ha−1 in plots without CC (DS). Weed cover rates, plant parameters (fresh and dry weights and heights), grain yields, water, and cation contents in soil were considered as indicators of interspecific competition. Results obtained in both years show that it is possible to reduce GBH use by 50% in plots with CC compared to plots without CC using a rate of GBH application of 3.33 L ha−1 (DS 3.3). However, weeds had a large impact on water content in soil, which was reflected by smaller plants and lower yields in plots with only 0.84 L ha−1 of GBH applied. In the context of the study, the use of CCs seems to facilitate the development of more sustainable agriculture while reducing the quantities of GBH generally used.






Keywords:


cover crops; grain yield; biomass production; plant height; interspecific competition; glyphosate-based herbicide












1. Introduction


Despite technological, genetic, and chemical advances in recent decades, weed control remains one of the greatest challenges in field crop operations [1]. Weeds currently represent the greatest threat to yields compared to other pests in agriculture [2,3]. Weeds can compete directly with crops of interest for access to resources, which contributes to yield loss and profitability for producers [4,5]. It is estimated that the presence of weeds represents losses up to 50–52% in soybeans and corn yield in Canada and the United States, which represents billions of dollars in losses annually [6,7]. Mechanical tillage and herbicides used as burnout before crop implantation have historically been the most widely used conventional approach to weed control in North America [8]. Since the 1950s and the Green Revolution, herbicide use has increased dramatically due to the low cost of the products, the ease of use, and the ability to reduce the amount of labor required to control weeds [3,8]. Currently, 60% of the herbicide market is attributed to four mechanisms of action (EPSP synthase, auxin, acetolactate synthase, acetyl-CoA carboxylase) [9,10]. As a counterpart, the intensive use of herbicides with these mechanisms of action has contributed significantly to 530 actual cases of herbicide resistance globally [11], and this problem may increase with the impact of climate change [10,12].



In recent decades, direct seeding (DS) has been put forward to limit the degradation and loss of fertility of agricultural soils caused by compaction and soil erosion caused by intensive mechanical tillage [13]. DS systems help maintain soil carbon content and soil functions [14,15,16]. DS systems have been widespread in the world since 1996, and their adoption by producers has been greatly enhanced after the introduction of genetically modified herbicide-resistant seeds such as glyphosate tolerant (GT) cultivars [17,18]. Currently, glyphosate-based herbicides (GBH), with glyphosate (C3H8NO5P; N-(phosphonomethyl)glycine) as the main active ingredient, are the most widely used herbicides [19,20]. The combination of GBH and GT seeds in direct seedlings has helped reduce excessive tillage and the related rapid decline in soil quality in many agroregions around the world [21]. The great popularity surrounding GBH has greatly limited the research and development of herbicides with new mechanisms of action and no history of weed resistance [20,22]. However, reduced tillage in DS limits the number of weeds typically controlled mechanically, making DS vulnerable to weeds and herbicide resistance [16]. Also, despite the effectiveness of GBH, there are now 59 weeds resistant to GBH [11]. Producers are now forced to use larger quantities of GBH, to combine GBH with different types of herbicides, or to increase mechanical tillage [9,16]. Also, despite the current criticism and debate surrounding the use and impact of GBH and its impact on humans and environmental health, a ban on its use does not seem feasible without significant economic and environmental repercussions [19,23,24,25]. Weed management in field crops is currently at an impasse, which requires the development of alternatives to control weeds and potentially substitute GBH and other herbicides used.



The purpose of this two-year field study is to determine if the use of cover crops (CCs) is an option for weed control and if their use is a good alternative to reduce the use of GBH in transgenic corn (Zea mays L.) and soybean (Glycine max [L.] Merr.) in DS crops. CCs allow one to occupy space, reduce the time the soil is bare, and limit the establishment and densification of weeds between production periods [26]. However, this approach is still marginal in DS management in soybean and corn crops. Furthermore, many producers believe that CC represents more labor and can compete with crops of interest, which limits their adoption [27]. This study also aims at understanding if interspecific competition may exist between CC, weeds, and crops of interest. Few studies have combined CCs and the use of GBH before, making this study suitable for outlining the benefits of using CCs to reduce the use of GBH in soybean and corn crops.




2. Materials and Methods


2.1. Site Description and Experimental Design


The study was conducted in an open field over two years, 2019 and 2020, at the Grain Research Center (CEROM) located in St-Mathieu-de-Beloeil, Quebec, Canada. The plots were established in 2018 on a humic Gleysol soil type represented by a heavy clay texture (mean ± standard deviation percentage of clay: 72.625 ± 0.916%, loam: 27.375 ± 0.916%, and sand: 0%). The soil mineral content on the 0–20 cm horizon was measured when the plots were implanted (12.87 ± 2.51 mg kg−1 for P, 313.50 ± 20.84 mg kg−1 for K, 2943.42 ± 219.62 mg kg−1 for C, 803.17 ± 48.27 mg kg−1 for Mg, 1056.71 ± 19.32 mg kg−1 for Al, 11.00 ± 0.47 mg kg−1 for Cu, 217.54 ± 13.92 mg kg−1 for Fe, 24.92 ± 5.72 mg kg−1 for Mn, 2.33 ± 0.18 mg kg−1 for Zn, and 47.60 ± 3.06 mg kg−1 for Na). The experimental design was a randomized complete block design consisting of 48 experimental plots of 9 m × 20 m (Figure 1). The plots were in three different crop rotations (wheat–corn; corn–soybean; soybean–wheat). Only 32 plots were sampled, corresponding to soybean and corn plots in crop rotations (plots from the soybean–wheat and corn–soybean rotation in 2019 and plots from the corn–soybean and wheat–corn rotation in 2020). According to Figure 1, this represents 12 crop managements, but only 8 of these were considered in the study. Those 8 crop managements were T5 (corn DS 3.3), T6 (corn DSCC 0.84), T7 (corn DSCC 1.67), T8 (corn DSCC 3.3), T9 (soybean DS 3.3), T10 (soybean DSCC 0.84), T11 (soybean DSCC 1.67), and T12 (soybean DSCC 3.3) for 2019 and T1 (corn DS 3.3), T2 (corn DSCC 0.84), T3 (corn DSCC 1.67), T4 (corn DSCC 3.3), T5 (soybean DS 3.3), T6 (soybean DSCC 0.84), T7 (soybean DSCC 1.67), and T8 (soybean DS 3.3) for 2020 (Figure 1). As shown in Figure 1, the design includes four rows in order to have experimental replicates of each crop management (Row 1, Row 2, Row 3, Row 4). The distance between rows illustrated in Figure 1 is 12 m. The distance between plots arranged in the same row is 2.5 m. The plots were planted with wheat (Hoffman HRF: 8 May 2019 and 25 April 2020), corn GT (P9188AM: 8 May 2019 and 15 May 2020), or soybean GT (Altitude R2: 18 May 2019 and 26 May 2020). Within the plots, wheat and soybean were sown at 19 cm (7.5 inches) and corn at 76 cm (30 inches) apart following the recommendation of agronomists from the Ministry of Agriculture of Quebec (MAPAQ).



Fertilization was made in wheat plots (90 kg of N added 6 June 2019; 90 kg of N and 65 kg of P added 4 June 2020) and in corn plots (90 kg of N and 60 kg of P added 28 June 2019; 50 kg of N and 80 kg of P were added 14 May with an extra 120 kg of N 2 July 2020). No fertilization was performed in soybean plots.



Two sequential applications of GBH (Roundup WeatherMax® with glyphosate a.i. at 540 g L−1) were applied by spraying on each experimental plot cultivated with direct seedlings either without CC (DS) or with CC (DSCC). The first GBH applications were made pre-sowing on 12 April 2019 and 24 April 2020 in corn plots and on 18 May 2019 and 2 June 2020 in soybean plots. The second GBH applications were made at post-emergence (V2 for soybean plots and V3 in corn plots) according to the recommendations of agronomists and the ministry of agriculture [28]. The dates of these second applications were 13 June 2019 and 15 June 2020 in corn plots and 24 June 2019 and 3 July 2020 in soybean plots. Three different doses of GBH were applied in different DSCC plots: 0.84 L ha−1 (DSCC 0.84 with a total of 454 g a.i.), 1.67 L ha−1 (DSCC 1.67 with a total of 902 g a.i.), and 3.3 L ha−1 (DSCC 3.3 with a total of 1782 g a.i.) (Figure 1). Only 3.3 L ha−1 of GBH was applied in DS plots (DS 3.3 with a total of 1782 g a.i.). Weed control between plots was carried out using a rototiller in order to avoid contamination and weed pressure on the plot edges. No GBH application was carried out in the wheat plots. In wheat, Infinity® was applied (at 0.83 L ha−1) in 2019 and 2020.



No CCs were sowed in DS plots, and only residues of previous crops were present on the ground. In each plot, soybean was seeded on the previous year’s corn residues, corn was seeded on previous wheat residues, and wheat was seeded on previous soybean residues.



In the DSCC plots, different CCs were sown depending upon the main crops (Table 1). The CCs were sown by manually broadcasting the seeds in the plots before the emergence of the crop of interest. A Great Plains® seed drill (Great Plains Inc., Salina, KS, USA) was used later in the season when the crop of interest was present (Table 1). The species sown in CCs and the rates of seed per ha used are shown in Table 1. During the growing season, CCs were not controlled with pesticides or mechanical work. All CCs were terminated by frost during the winter. Only autumn wheat planted in the soybean plots had the property of surviving the winter.



Field meteorological data were recorded in 2019 and 2020 by a weather station located at the CEROM main building and approximately 1.1 km from the sampling site [29]. These data included total precipitation and temperature (minimum, maximum and average) recorded hourly each day [29].




2.2. Sampling and Measurements


2.2.1. Weeds Cover Rates


Weed cover rates were obtained by visually estimating the percentage cover in a quadrat of each broadleaf and grass species present. Only the weed cover rates in the soybean and corn phases of the rotation were estimated. Two quadrats (size: 1 m × 0.5 m) were randomly used in each plot. For corn and soybean, data were obtained during three sampling periods. The first sampling periods were pre-sowing 9 May 2019 and 20 May 2020 in the upcoming soybean and corn plots. Apart from winter wheat, the other CCs were not present at that time. Winter wheat was easily identifiable and distinguishable from weeds in the plots. The second one was at post-emergence and after the second GBH application at V2 growth stage for soybean (2 July 2019 and 14 July 2020) and V3 for corn (20 June 2019 and 26 June 2020). The third sampling periods were 19 September 2019 and 24 September 2020 in soybean and corn plots.




2.2.2. Crops Biomass and Height


In each plot, three plants were harvested at the R2-R3 growth stages for soybean and at the V8 growth stage for corn. The fresh weight (FW) and height of the above-ground part of each plant were measured at the time of harvest. Corn and soybean plants were both measured from ground to the extended leaf tip. The collected plants were later placed in an oven at 60 °C for a minimum of 4 days in order to obtain their dry weight (DW).




2.2.3. Grain Yields


Grain yields were measured by each harvester shift in the plots. In order to avoid border bias, the grain harvest used to estimate yields was carried out on the two rows in the center of the plots. The soybean plots were harvested on 15 October 2019 and 31 October 2020, and corn plots were harvested on 29 October and 18 October 2020. Subsequently, grain yields (t ha−1) were adjusted to 13.5% moisture for soybean and to 14.5% for corn in order to obtain a comparative database with others studies.




2.2.4. Soil Water Content


The soil volumetric water content (VWC), defined as the ratio of the volume of water to the unit volume of soil [30], was obtained by time domain reflectometry (Fieldscout TDR 150©, Spectrum Technologies Inc., Aurora, IL, USA). In all plots during 2019 and 2020, measurements with a TDR probe were carried out five times on the 0–20 cm horizon and within 30 cm of the crop stem. These measurements were realized after the second GBH application at the V2 stage for soybean and the V3 stage for corn [28].




2.2.5. Soil Physicochemical Analyses


In each plot, three soil cores were collected at a 0–20 cm horizon and pooled together. Soil sampling was executed at the same three different periods as measurements of weed cover rates. The elementary contents were obtained following the Mehlich-3 extraction for phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), aluminium (Al), bore (B), copper (Cu), iron (Fe), manganese (Mn), zinc (Zn), sodium (Na), nickel (Ni), cadmium (Cd), chrome (Cr), cobalt (Co) and lead (Pb) [31]. All elementary contents were quantified using an inductively coupled plasma-optical emission spectrometer (ICP-OES; Perkin Elmer Optima 4300DV, Perkin Elmer Inc., Waltham, MA, USA).





2.3. Statistical Analyses


All statistical analyses were carried out using the software jmp16 (SAS Institute Inc., Cary, NC, USA). A Shapiro–Wilk good-fit test was performed to determine the normal distribution of the residuals. A two-way ANOVA with interaction between the two categorical variables (crop managements and years) was carried out for the continuous quantitative variables (weed cover rates, FW, DW, grain yield and plant height).



When no significant interaction was observed with year*crop managements and when significant differences were observed (p ≤ 0.05), a Student’s paired test (parametric) was performed on the means between the crop management for each year. Otherwise, a student’s paired test was made on each group of observations (4 crops management × 2 years = 8 groups) if the interaction was significant. If the distribution of the residuals was not normal, a Wilcoxon test and a Steel–Dwass non-parametric multiple means comparison test were performed to compare variable responses between the four crop managements by years. The use of Student’s paired test and Steel–Dwass was justified considering that each crop managements group had the same number of observations.



Also, simple linear regressions were executed in order to confirm relationships between weed cover rates and soil elementary contents and also between weed cover rates and soil VWC. Both AICC and ICC values were carried out to determine which correlation to consider.





3. Results


The results obtained from the two-way ANOVA are shown in Table 2. Crop management has a significant effect on most crop parameters for soybean GT and for corn GT (Table 2). Differences between the years 2019 and 2020 are observed in soybean plots (plant height) and corn plots (plant FW, plant height and grain yield) (Table 2). The interaction between years and crop managements has a significant effect on grain yield in the corn plots (Table 2).



3.1. Weeds Cover Rates


In soybean plots, the highest weed cover rates were obtained in the DSCC 0.84 plots in 2019 (23.5 ± 2.9%) and DSCC 0.84 plots in 2020 (23.2 ± 1.6%) (Figure 2A). No significant difference was observed between DSCC 1.67 plots (2019: 13.5 ± 1.7% and 2020: 17.8 ± 1.9%) and DS 3.3 plots (2019: 14.5 ± 2.1% and 2020: 17.3 ± 2.4%) (Figure 2A). In 2020, DSCC 3.3 plots (9.5 ± 1.1%) had the lowest weed cover. (Figure 2A).



In corn plots, DSCC 0.84 had significantly higher weed cover compared to DSCC 1.67 and DSCC 3.3 plots in 2019 (26.4 ± 5.3%) and 2020 (25.3 ± 3.7%) (Figure 2C,D). Weed cover rates in DS 3.3 and DSCC 0.84 corn plots were similar in 2019 and 2020 (Figure 2C,D). Weed cover rates in the DSCC 1.67 plots (2019: 15 ± 3.7% and 2020: 16.3 ± 1.6%), DSCC 3.3 plots (2019: 14.4 ± 2.6% and 2020: 12.0 ± 2.1%), and DS 3.3 plots were similar in both study years. However, weed cover rates in the DSCC 3.3 plots were significantly lower than in DS 3.3 plots in 2020 (p = 0.0330) (Figure 2D).




3.2. Crops Weights, Heights and Grain Yields


3.2.1. Soybean Plants


Soybean FW and DW were not significantly different between crop managements in 2019 (Table 3). Similarly, no significant difference was observed for the DW values between crop managements in 2020 (Table 3). For all crop managements combined, DW values were significantly different between 2019 and 2020 (Table 3).



Soybean plants in the DSCC 3.3 plots were significantly taller compared to all other crop management in 2019. Plants in the DSCC 0.87 plots were smaller during both years in soybean and during 2020 in corn compared to plants growing under other crop management plots (Table 3).




3.2.2. Corn Plants


No significant differences were observed for DW and FW between crop managements in 2019 (Table 3). In 2020, FW and DW were similar between plants from DSCC 1.67, DSCC 3.3 and DS 3.3 plots. However, plants in the DSCC 0.84 plots had the lowest FW and DW values in 2020 (Table 3). In general, FW values were significantly lower in 2020 compared to 2019 (p < 0.0001), but no difference in DW values was observed between these years.



In 2019, plant heights in DS 3.3 plots were significantly taller than the three DSCC crop managements (Table 3). In 2020, plants growing in the DSCC 0.84 plots were smaller compared to plants in other crop managements (Table 3).



A strong positive correlation was observed between corn plant height and FW (r2 adjusted = 0.874) and DW (r2 adjusted = 0.842). A weaker positive correlation was also observed between soybean heights and FW (r2 adjusted = 0.361) and DW (r2 adjusted = 0.127) as compared to corn heights.




3.2.3. Grain Yields


Grain yields for soybean and corn were the lowest in the DSCC 0.84 plots in 2019 and 2020 (Table 3). No difference was observed for soybean yields between the DSCC 1.64, DSCC 3.3 and DS 3.3 plots in 2019 and 2020 (Table 3). Corn yields in the DSCC 3.3 plots were significantly lower compared to yields measured in DS 3.3 plots in 2019 (Table 3). However, yields were similar in the DSCC 3.3 and DS 3.3 plots in 2020 (Table 3). Corn yields were not different in the DSCC 1.67 and DS 3.33 plots in 2020 (Table 3).





3.3. Soil Water Content


Soil VWCs in soybean plots were significantly different at the first sampling period between 2019 (28 June) and 2020 (7 July) (Figure 3a,b). On 28 June 2019, VWCs were lower in the DSCC 3.3 plots (18.95 ± 0.81%) compared to DS 3.3 plots (20.79 ± 0.37%) (Figure 3a). On 7 July 2020, VWC were lower in the DSCC 0.84 plots (14.88 ± 1.13%) plots compared to other crop managements (18.64 ± 0.80% in the DSCC 1.67 plots, 19.25 ± 0.70% in the DSCC 3.3 plots and 17.53 ± 0.73% in DS 3.3 plots) (Figure 3b).



VWCs in corn plots were lower in DS 3.3 plots (19.74 ± 0.57%) compared to DSCC 1.64 plots (21.48 ± 0.54%) on 20 June 2019 (Figure 3c). On 27 June 2020, VWCs were lower in DS 3.3 plots (18.96 ± 0.75%) compared to DSCC 0.84 plots (21.37 ± 0.61%) and DSCC 1.64 plots (21.68 ± 0.90%) (Figure 3c). DSCC 3.3 corn plots had higher values compared to DSCC 0.84 plots (11.05 ± 0.44%) on 17 June and 20 June 2020 (12.50 ± 0.45% for DSCC 3.3 plots, 11.80 ± 0.31% for DS 3.3 plots, 10.98 ± 0.46% for DSCC 1.67 plots and 10.42 ± 0.46% for DSCC 0.84 plots) (Figure 3d). On 6 July 2020, VWCs in the DSCC 3.3 plots (14.87 ± 0.52%) and DS 3.3 plots (14.84 ± 0.51%) were similar but higher than in the DSCC 1.64 plots (12.24 ± 0.32%) and DSCC 0.84 plots (12.25 ± 0.35%) (Figure 3d). Moreover, DSCC 0.84 plots (13.18 ± 0.51%) and DSCC 1.64 plots (13.15 ± 0.32%) exhibited lower VWCs compared to DSCC 3.3 plots (16.13 ± 0.69%) and DS 3.3 plots (15.59 ± 0.95%) on 14 July 2020 (Figure 3d). Moreover, no correlation was observed in soybean plots between weed cover rates and VWC in 2019 (r2 adjusted = 0.002) and in 2020 (r2 adjusted = 0.074). In corn plots, no correlation was observed between those two variables in 2019 (r2 adjusted = 0.054). However, a negative correlation was observed in corn plots (r2 adjusted = 0.413) in 2020.




3.4. Soil cation Content Nutriments


Significant differences were observed for Mg (p = 0.05) and Ni (p = 0.0452) contents in soil between crop management (Table 4). Mg contents were lower in DS 3.3 plots (780.35 ± 13.3 mg kg−1) and DSCC 1.64 plots (787.6 ± 6.7 mg kg−1) compared to DSCC 0.84 plots (820.7 ± 25.9 mg kg−1) but similar to DSCC 3.3 plots (794.9 ± 15.0 mg kg−1) (Table 4). Also, Ni contents were lower in the DSCC 0.84 plots (1.29 ± 0.04 mg kg−1) compared to DSCC 1.64 plots (1.45 ± 0.03 mg kg−1) but similar to DSCC 3.3 plots (1.36 ± 0.03 mg kg−1) and DS 3.3 plots (1.39 ± 0.05 mg kg−1) (Table 4). In corn plots, linear regression showed that weed cover rates had a positive correlation with B (r2 adjusted = 0.227), Mn (r2 adjusted = 0.118) and Zn (r2 adjusted = 0.103) contents and a negative correlation with Al (r2 adjusted = 0.213) content. In soybean plots, a linear regression showed that the weed cover rate has a negative correlation with B (r2 adjusted = 0.170), Cu (r2 adjusted = 0.10), and Cr (r2 adjusted = 0.331) contents.





4. Discussion


4.1. The Use of Cover Crop to Control Weeds


In this study, DSCC 3.3 plots present the lowest weed pressure compared to the other crop managements. These results are interesting and demonstrate that by combining cover crops with commonly applied rates of GBH (two application of 1.64 L ha−1), it is possible to significantly reduce the presence of weeds. Although weed cover rates are similar in DS 3.3 and DSCC 3.3 soybean and corn plots in 2019, weed presence is up to 57% lower in the DSCC 3.3 soybean plots and up to 55% lower in the DSCC 3.3 corn plots in 2020 (Figure 2A,B). These results are consistent with those observed in other studies, where the use of CCs reduced weed biomass by 40% to 95% [26,32]. This weed rate reduction may be explained by interspecific competition between CC species and weeds [26,33,34,35], which provides additional weed control on top of GBH impact. Although weed cover rates are lower in the DSCC 3.3 plots, biomass production (FW and DW) and grain yields are similar between the DSCC 3.3 and DS 3.3 maize and soybean plots in both study years (Table 3). These results show that the presence of CCs does not appear to compete with the integrity of the crop of interest and grain yields. This observation is particularly interesting in corn plots, where CCs were present as intercrops during the production period. These results support other observations where the use of CCs such as sunflower and buckwheat as intercrops could provide weed control without reducing soybean yields (Cheriere et al., 2020; Sharma et al., 2021). The variation of soil VWC and elementary contents can also be used as indicator of interspecific competition. No trace of water competition between CCs and crops seems to be observed, whereas soil VWC values are similar between DSCC 3.3 plots and DS 3.3 plots (Figure 3). Similarities are also observed between those plots based on elementary contents (Table 4). This may encourage field crop producers to plant CCs without fearing that they will negatively impact grain yields.



Corn plots are more severely impacted by the presence of weeds than soybean plots. This is demonstrated by a high correlation index between weed cover and soil water content (r2 adjusted = 0.413) in 2020. The scarcity of soil water subsequently has repercussions on the development of corn plants, with the smallest plants observed in plots with the lowest VWC values (Table 3 and Figure 3). The weeds competition for water is probably higher in 2020, given that soil VWCs are generally much lower (p < 0.001) in 2020 (14.4 ± 0.2%) compared to 2019 (20.4 ± 0.2%). The average size of maize plants is also significantly lower in 2020 than in 2019 (p = 0.0038), more so in plots where weeds are more prevalent. For example, the FWs of corn plants in 2020 are on average 56% lower (p < 0.001) and corn plant heights are 14% smaller (p = 0.0046) in the DSCC 0.84 plots (Table 3). However, as suggested by the correlation index, the presence of weeds does not appear to be the only factor influencing soil water content. It was observed in fields under climatic conditions identical to this study that the vapor pressure deficit (Vpd) in crop plants was higher in 2020 [29]. It is well known that Vpd is an indicator of air dryness and that it strongly influences soil evapotranspiration [36,37,38]. This can partly explain why lower FW production (p = 0.0041) and smaller plants (p = 0.0111) were also observed in the DS 3.3 plots in 2020 (Table 3), despite the fact that the presence of weeds in these plots was not the highest (Figure 2B). In plots without CCs, bare soil is more exposed and vulnerable to rising soil temperatures and greater water loss through soil evaporation [39,40,41]. An interesting observation is that, although DSCC 1.64 and DSCC 3.3 plots exhibit lower VWC in 2020, no difference in plant variables is observed between 2019 and 2020 (Table 3 and Figure 3). It seems that the agronomic conditions in these plots have made them more resilient to the presence of weeds and the lack of water.



Among CC species used in this study, some are known to have allelopathic properties, which may partly explain the effectiveness of CCs in controlling weeds. As such, rye, sunflower, oats, and various Brassicaceae (e.g., tillage radish and tillage turnips) are recognized for their allelopathic properties [42,43]. Rye and sunflower are recognized for their ability to produce over 16 different allelopathic compounds, including benzoxazinones [2,4-dihydroxy-1,4(2H)-benzoxazin-3-one (DIBOA) and 2(3H)-benzoxazolinone (BOA), phenyllactic acid and phenolic acids [44,45,46]. Those species can continue to offer allelopathic properties after plant senescence (e.g., after harvesting or freeze death) [43,47]. Residues of Brassicaceae species are also known to have similar properties through the production of glycosinolate, an important allelopathic compound [48,49].




4.2. Influence of CC on GBH Doses of Application


This study suggests that it is possible to reduce GBH doses for weed control when using CCs between crops or as intercrops under no-till practices. In corn and soybean cultivations, DSCC 1.64 plots share many similarities with DS 3.3 plots, such as weed cover rates, grain yields, FW, DW and plant heights. Weed cover rates in the DSCC 1.64 plots were not different from those in DS 3.3 plots in 2019 and 2020 (Figure 2A,B). The use of CCs combined with a reduction in GBH doses connects to the vision of integrated weed management (IWM), which recommends the diversification of approaches to weed control and a reduction in herbicide doses in order to limit the development of herbicide resistance [50,51]. In IWM, the ecological approach is to be prioritized as often as possible with respect to mechanical or chemical treatments. The use of machinery should be sparing and superficial, only when necessary or needed to implement CCs (e.g., stubble ploughing, strip-till, and making furrows to increase sowing success) or to control them (e.g., harvesters, roller-crimpers, knife-rollers) [19,52,53,54,55]. Also, the use of chemical herbicides must be seen as a last resort and be applied carefully following the herbicide resistance risk matrix [51].



It has also been observed in this study that reducing GBH doses to 0.84 L ha−1, i.e., below the minimal dose recommended by manufacturers, already entails risks and visible impacts on crop integrity. DSCC 0.84 plots present the highest weed infestation in soybean and corn cultivation in 2019 and 2020 (Figure 2A,B). The high presence of weeds in the DSCC 0.84 plots seems to have had an impact on plant development and grain yield in both study years and more critically so in 2020 (Table 3). In 2020, we observed that VWC values were lower in the DSCC 0.84 plots during the first and second sampling campaigns, which means interspecific competition for water with weeds may have occurred and impacted the subsequent development of the plants. Soybean and maize plants were indeed statistically smaller with a lower biomass (Table 3). A longer implantation period of CCs during spring may probably help to achieve satisfactory weed control with minimum GBH application. However, this study shows that without a significant presence of CCs during the intercrop period, it is not practicable to reduce the use of GBH along with CCs by up to 75%.





5. Conclusions


This two0year field study showed that the use of CCs combined with GBH may represent an interesting alternative for limiting weeds in field crops. The lowest weed cover rates were observed in the plots where CCs were paired with the 3.3 L ha−1 application of GBH compared to plots without CCs with the same GBH dose applied. The differences between crop managements are more striking in 2020, which can be explained by greater interspecific competition between crops and weeds compared to 2019. It has been observed that the smallest plants were located in plots with the lowest water content. Compared to elementary contents, where no correlation exists with weeds cover, a strong correlation was observed between water content and weed cover in these plots. Moreover, this correlation was strongly attributable to the presence of broadleaf weeds. Finally, many similarities were observed between DS 3.3 plots and DSCC 1.87 plots on weed cover rates, crop plants parameters, and grain yield during both years. These results suggest the possibility of reducing the use of GBH by up to 50% with the use of CCs in soybean cultivation after harvest and as intercrop in corn cultivation. However, without an efficient CCS implantation, it does appear feasible to reduce the use of GBH below 1.87 L ha−1 doses without having negative repercussions on crops.
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Figure 1. Randomized complete block design for the twelve different crop managements with direct seeding and cover crops (DSCC) or without cover crops (DS) at St-Mathieu-de-Beloeil. 
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Figure 2. Average and standard error of broadleaf and grassy weed cover rates in (A) soybean plots 2019, (B) soybean plots 2020, (C) corn plots 2019, and (D) corn plots in 2020 (n = 96). All crop managements used direct seedlings without CC (DS) and with CC (DSCC) with different doses of glyphosate-based herbicide (0.84, 1.67, and 3.3 L ha−1). the * and different small letters indicate that mean values are significantly different between crop managements (p < 0.05). 
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Figure 3. Soil volumetric water content in GT soybean plots (A,B) and GT corn plots (C,D) in 2019 and 2020 (n = 60). 
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Table 1. Cover crops mix sown and rates applied in the different type of crop of interest in 2019 and 2020.
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Years

	
Cover Crops Mix Sowed




	
Wheat

	
Corn

	
Soybean






	
2019

	
12 May: berseem (5 kg ha−1) and crimson clover (5 kg ha−1). Sown manually.

	
19 June: crimson clover (5 kg ha−1), tillage radish (3 kg ha−1) and tillage turnips (2 kg ha−1). Sown manually.

	
6 September: autumn wheat (225 kg ha−1). Sown with a Great Plains® seed drill.




	
27 August: buckwheat (5 kg ha−1), sunflower (5 kg ha−1), faba bean (15 kg ha−1), tillage radish (3 kg ha−1), phacelia (1 kg ha−1), pea (25 kg ha−1) and oats (20 kg ha−1). Sown with a Great Plains® seed drill.

	
8 September: autumn rye (50 kg ha−1), tillage radish (3 kg ha−1), tillage turnip (2 kg ha−1) and common vetch (10 kg ha−1). Sown with a Great Plains® seed drill.




	
2020

	
1 June: berseem (5 kg ha−1) and crimson clover (5 kg ha−1). Sown manually.

	
28 June: crimson clover (5 kg ha−1), tillage radish (3 kg ha−1 and tillage turnips (2 kg ha−1). Sown manually.

	
6 October: autumn wheat (200 kg ha−1). Sown with a Great Plains® seed drill.




	
14 August: buckwheat (5 kg ha−1), sunflower (5 kg ha−1), faba bean (15 kg ha−1), tillage radish (3 kg ha−1), phacelia (1 kg ha−1), pea (25 kg ha−1) and oats (20 kg ha−1). Sown with a Great Plains® seed drill.

	
8 September: autumn rye (200 kg ha−1). Sown with a Great Plains® seed drill.











 





Table 2. Effect of fixed factor (years and crop managements) and their interaction on soybean GT and corn GT crops parameters (weed cover rates, plant fresh weight (FW), plant dry weight (DW), plant height and grain yield).
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Soybean

	
Crop Parameters

	
Years

	
Crop Managements

	
Years*Crop Managements




	
Weed cover rates

	
0.053

	
<0.0001 *

	
0.9911




	
Plant (FW)

	
0.642

	
0.0261 *

	
0.6794




	
Plant (DW)

	
0.0182

	
<0.0001 *

	
0.183




	
Plant height

	
<0.0001 *

	
0.1113

	
0.9751




	
Grain yield

	
0.067

	
<0.0001 *

	
0.0848




	
Corn

	
Crop Parameters

	
Years

	
Crop Managements

	
Years*Crop Managements




	
Weed cover rates

	
0.8695

	
0.0013 *

	
0.8186




	
Plant FW

	
<0.0001 *

	
0.0001 *

	
0.1152




	
Plant DW

	
0.2107

	
0.0068 *

	
0.3269




	
Plant height

	
0.0013 *

	
0.0001 *

	
0.0842




	
Grain yield

	
<0.0001 *

	
<0.0001 *

	
0.027 *








Note: The bold * indicates that factors (years, crop managements and the years*crop management interaction) have a significant effect (p < 0.05) on each crop parameter according to a two-way ANOVA.













 





Table 3. Biomass production (fresh weight (FW) and dry weight (DW)), height, and grain yield of soybean and corn plants in 2019 and 2020 (n = 36).
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Plant Parameters

	
2019

	
2020




	
DSCC 0.84

	
DSCC 1.67

	
DSCC 3.33

	
DS 3.33

	
p-Value

	
DSCC 0.84

	
DSCC 1.67

	
DSCC 3.33

	
DS 3.33

	
p-Value






	
Soybean

	
Fresh weight (FW) (g)

	
31.4 ± 3.6 a

	
33.8 ± 2.94 a

	
37.8 ± 3.5 a

	
35.9 ± 2.7 a

	
0.5352

	
26.0 ± 4.6 a

	
31.9 ± 3.4 a

	
41.1 ± 4.2 a

	
35.3 ± 3.2 a

	
0.0597 *




	
Dry weight (DW) (g)

	
7.5 ± 0.8 a

	
7.9 ± 0.7 a

	
9.1 ± 0.9 a

	
8.0 ± 0.5 a

	
0.516

	
3.9 ± 0.9 a

	
4.6 ± 0.6 a

	
5.9 ± 0.7 a

	
5.0 ± 0.6 a

	
0.2564




	
Height (cm)

	
49.3 ± 1.6 c

	
53.7 ± 1.2 b

	
54.5 ± 3.1 b

	
58.4 ± 5.8 a

	
0.0004

	
48.3 ± 2.7 b

	
56.5 ± 1.6 a

	
60.5 ± 0.9 a

	
61.2 ± 1.2 a

	
<0.001




	
Grain yield (t ha−1)

	
1.6 ± 0.1 b

	
2.4 ± 0.1 a

	
2.6 ± 0.1 a

	
2.5 ± 0.1 a

	
<0.001

	
1.2 ± 0.4 b

	
2.8 ± 0.3 a

	
3.3 ± 0.3 a

	
3.1 ± 0.1 a

	
0.0008




	

	
2019

	
2020




	
DSCC 0.84

	
DSCC 1.67

	
DSCC 3.33

	
DS 3.33

	
p-Value

	
DSCC 0.84

	
DSCC 1.67

	
DSCC 3.33

	
DS 3.33

	
p-Value




	
Corn

	
Fresh weight (FW) (g)

	
116.7 ± 15.4 a

	
118.1 ± 10.1 a

	
140.6 ± 18.8 a

	
173.4 ± 20.9 a

	
0.0962

	
51.7 ± 4.8 b

	
91.1 ± 12.3 a

	
111.7 ± 14.4 a

	
101.5 ± 11.2 a

	
0.0004 *




	
Dry weight (DW) (g)

	
11.8 ± 1.5 a

	
11.2 ± 0.9 a

	
14.0 ± 1.7 a

	
16.0 ± 1.7 a

	
0.1162

	
8.8 ± 0.7 b

	
12.3 ± 1.3 a

	
14.1 ± 1.5 a

	
12.8 ± 1.2 a

	
0.0231




	
Height (cm)

	
93.9 ± 3.7 b

	
94.8 ± 2.9 b

	
100.5 ± 4.0 b

	
111.8 ± 4.2 a

	
0.0054

	
80.3 ± 2.3 b

	
92.0 ± 3.0 a

	
99.5 ± 4.3 a

	
94.8 ± 4.5 a

	
0.0042




	

	
Significant interaction year*crop managements




	

	
2019

	
2020




	

	
DSCC 0.84

	
DSCC 1.67

	
DSCC 3.33

	
DS 3.33

	

	
DSCC 0.84

	
DSCC 1.67

	
DSCC 3.33

	
DS 3.33

	
p-value




	
Grain yield (t ha−1)

	
6.5 ± 0.5 D

	
8.8 ± 0.2 B

	
8.7 ± 0.4 B

	
10.2 ± 0.6 A

	

	
4.0 ± 0.4 E

	
6.1 ± 0.3 D

	
8.1 ± 0.2 BC

	
7.1 ± 0.6 CD

	
<0.027 *








Note: Data are presented as means ± standard error of the mean for each weed management. When no interaction year*crop managements was observed, the * and different small letters indicate that mean values are significantly different between crop managements (p < 0.05) for each year according to a multiple means comparison (post hoc test with letters). Capital letters indicate significant differences between years*crop managements when interaction was observed (p < 0.05) (only for grain yield in corn plots).













 





Table 4. Elementary contents between crop management with different applied quantities of glyphosate-based herbicides (n=72).
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Element (mg kg−1)

	
Crop Managements




	
DSCC 0.84

	
DSCC 1.67

	
DSCC 3.33

	
DS 3.33

	
p-Value






	
P

	
13.95 ± 2.54 a

	
12.74 ± 0.82 a

	
11.03 ± 0.68 a

	
16.90 ± 4.66 a

	
0.4797




	
K

	
320.8 ± 5.0 a

	
331.0 ± 7.0 a

	
320.6 ± 5.1 a

	
318.6 ± 5.2 a

	
0.4051




	
Ca

	
2897.8 ± 25.2 a

	
2787.5 ± 48.4 a

	
2950.9 ± 55.7 a

	
2940.9 ± 51.3 a

	
0.0603




	
Mg

	
820.7 ± 25.9 a

	
787.6 ± 6.7 ab

	
794.9 ± 15.0 ab

	
780.35 ± 13.3 b

	
0.0230 *




	
Al

	
1043.0 ± 5.6 a

	
1053.2 ± 5.2 a

	
1050.5 ± 4.4 a

	
1049.3 ± 5.1 a

	
0.5423




	
B

	
0.700 ± 0.012 a

	
0.702 ± 0.016 a

	
0.740 ± 0.014 a

	
0.718 ± 0.020 a

	
0.2438




	
Cu

	
10.94 ± 0.12 a

	
11.20 ± 0.10 a

	
11.38 ± 0.18 a

	
11.12 ± 0.17 a

	
0.2198




	
Fe

	
219.0 ± 4.8 a

	
221.7 ± 2.9 a

	
219.2 ± 3.4 a

	
217.4 ± 3.1 a

	
0.8632




	
Mn

	
21.82 ± 1.00 a

	
20.72 ± 1.07 a

	
23.14 ± 1.06 a

	
22.95 ± 1.54 a

	
0.4503




	
Zn

	
2.36 ± 0.07 a

	
2.53 ± 0.05 a

	
2.51 ± 0.07 a

	
2.53 ± 0.11 a

	
0.3698




	
Na

	
44.26 ± 0.84 a

	
44.06 ± 0.94 a

	
45.13 ± 0.78 a

	
44.51 ± 1.03 a

	
0.8519




	
Ni

	
1.29 ± 0.04 b

	
1.45 ± 0.03 a

	
1.36 ± 0.03 ab

	
1.39 ± 0.05 ab

	
0.0455 *




	
Cd

	
0.086 ± 0.002 a

	
0.089 ± 0.001 a

	
0.089 ± 0.002 a

	
0.089 ± 0.002 a

	
0.4941




	
Cr

	
0.289 ± 0.004 a

	
0.284 ± 0.003 a

	
0.291 ± 0.004 a

	
0.295 ± 0.005 a

	
0.3184




	
Co

	
0.446 ± 0.017 a

	
0.451 ± 0.018 a

	
0.468 ± 0.018 a

	
0.475 ± 0.024 a

	
0.6918




	
Pb

	
3.49 ± 0.09 a

	
3.73 ± 0.07 a

	
3.85 ± 0.12 a

	
3.63 ± 0.11 a

	
0.0787








Note: The elementary contents were obtained for phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), aluminium (Al), bore (B), copper (Cu), iron (Fe), manganese (Mn), zinc (Zn), sodium (Na), nickel (Ni), cadmium (Cd), chrome (Cr), cobalt (Co) and lead (Pb). Data are presented as means ± standard error of the mean for each elementary content. Data are presented for corn and soybean plots of the three crop rotations in 2019 and 2020, respectively. The * and different bold small letters indicate that mean values are significantly different (p < 0.05) between the different crop managements according to a multiple means comparison and post hoc test with letters. The non-bold small letters indicate that mean values are not significantly different between crop managements.
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